Abstract The load bearing characteristics of heat-treated rubberwood furniture components and joints were studied. It was found that heat-treated samples had significantly lower fatigue strength compared to the conventionally kilndried rubberwood samples, which were used as control specimens. Inevitably, the recommended allowable design stresses for heat-treated rubberwood furniture components and joints could be set at 40 and 25 % of the respective bending strengths, in order to ensure its compliance with furniture performance standards. These figures are much lower than the allowable design stresses for conventionally kiln dried components, reflecting the need for a lower safety margin when working with heat-treated materials.
Introduction
Heat-treatment is being increasingly used to improve the dimensional stability of wood materials, although the strength properties of the material could be adversely affected through the process. Despite its higher cost, heattreatment is becoming the treatment of choice when dealing with fast-growing plantation wood species used extensively for furniture manufacturing in the South East Asian region (Ratnasingam 2010) . Although, the effects of heat treatment on the properties of wood materials is well documented (Yildiz et al. 2006; Gündüz et al. 2008) , reports on the fatigue strength of heat treated wood is sparse. As fatigue failure is the most common mode of failure in furniture, the allowable design stress for components and joints are important criteria in the selection of furniture wood materials (Ratnasingam et al. 1997) . Although, reports on the design stresses for solid wood materials for furniture are available (Eckelman et al. 2001; Ratnasingam and Ioras 2011a, b) , information on the allowable design stresses for heat treated wood materials is sparse. Consequently, the application of heat-treated wood materials as load-bearing members in furniture is hindered. Therefore, a study was undertaken to determine the allowable design stresses under cyclic loading for heat treated rubberwood furniture components and joints.
Methodology
Heat-treated and conventionally kiln dried rubberwood (Hevea brasiliensis) planks of 27 mm 9 75 mm 9 1,000 mm were obtained from a commercial supplier. The heat-treated planks were exposed to a temperature of 150°C for 6 h, as it was found to be most suitable for rubberwood (Ratnasingam 2010) . The load-bearing characteristics (modulus of elasticity, modulus of rupture and shear strength) of the specimens were determined based on the ASTM D143-09 prior to experimentation. The experimentations were carried out in two parts. In the first part, samples of 25 mm 9 50 mm 9 1,000 in dimension were subjected to three-point static and cyclic tests as reported in Ratnasingam and Ioras (2011a) , using an INSTRON universal testing machine. The load levels were set at 30, 40, 50, 60, 70 and 80 % of the ultimate strength, applied at a rate of 20 cycles per minute. The number of cycles to failure at each load level was recorded until a maximum of 1 million cycles. In the second part, T-type rectangular mortise and tenon joints were assembled using a PVAc adhesive with a 40 % solid content, as reported in Ratnasingam and Ioras (2011b) . The joint components consisted of a 450 mm 9 30 mm 9 25 mm leg member and a 350 mm 9 55 mm 9 25 mm rail member. The dimensions of the mortise and tenon joint were 40 mm in length, 20 mm in width and 12 mm in thickness. The tests were conducted using an INSTRON universal testing machine fitted with an aluminum alloy angle plate which held the leg section, while the rail section was loaded by means of a stirrup attached to the machine cross head which moved at 12 mm/min during the test. The load which produced a sudden discontinuity in the load/ deflection curve, corresponding to the joint failure was noted and used to determine the bending moment in Nm, as described in Ratnasingam and Ioras (2011b) . The fatigue loads applied were 10, 15, 20, 25 and 30 % of the ultimate bending moments determined previously. Air regulators were used to adjust the applied load, while mechanical counters kept track of the number of cycles the specimens survived during the test. A limit switch was attached to turn off the test when the dial gauge attached to the specimen recorded a deflection exceeding 5 mm at the joint. All test samples were conditioned to an average moisture content of 12 ± 2 % prior to testing, and a total of 25 replicated were used for each test. The results from the heat-treated rubberwood samples were compared against the conventionally kiln-dried rubberwood samples, which were used as the control specimens.
3 Results Table 1 shows the average ultimate bending strength of the components and ultimate bending moment of the joints made from the two different experimental materials used in this study. Heat-treatment appears to have reduced the strength of both components and joints significantly compared to the control samples. This is possibly due to the thermal degradation experienced by the heat-treated samples, which results in strength reduction (Gündüz et al. 2008) . The failure in the heat treated samples was abrupt, and it appears that heat-treatment made the samples brasher. The progressive degradation of the hemicelluloses between microfibrils has been reported to be the main mechanism of strength reduction in wood after heat-treatment (Bodig and Jayne 1993; Dilik and Hiziroglu 2012) . In terms of fatigue strength, the results reveal that the resistance to cyclic loading in the heat-treated specimens was significantly lower than the control specimens (Table 2) . Heat-treatment alters the elastic and shear strength properties of the material which leads to increased brashness (Gündüz et al. 2008; Ratnasingam 2010) . The degradation of the hemicelluloses which binds the microfibrils together in wood, paves the way for structural disintegration of the lignin-cellulose matrix, which manifest as strength loss (Bodig and Jayne 1993) . In terms of the furniture joints, the strength of the PVAc adhesive joint was reduced severely in the heat-treated specimens, as observed through the adhesive failure of the joints. Previous work has shown that heat-treatment causes a collapse in the cellular structure of the wood, which retards the penetration of adhesives into the material (Dilik and Hiziroglu 2012). Inevitably, the reduction in joint strength was attributed not only to the reduction in shear strength of the heat-treated wood but also its reduced bonding strength. The results of this study reveal that the allowable design stresses for heat-treated rubberwood components could be set at 40 % of its ultimate bending strength, while heat-treated rubberwood joints could be safely used to withstand repeated loadings at 25 % of its ultimate bending moment. At these load levels, the specimens would surpass the minimum furniture performance standard of 200,000 cycles of load (Eckelman 1999) .
Industrial implications
The results of this study will influence the use of heattreated wood materials for furniture applications. The recommended allowable design stress for heat-treated rubberwood furniture components and rectangular mortise and tenon furniture joints, could be set at 40 and 25 % of its bending strengths, respectively, to ensure the compliance of the furniture in terms of its strength performance. The reduced strength properties as well as the bonding characteristics of furniture components and joints made from heat-treated wood materials may lead to large dimension components and joints, which will pose a challenge for furniture designers as well as the furniture manufacturing cost.
